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Abstract
Large Hadron Collider (LHC) has provided direct evidence of Yukawa couplings between the third gen-
eration charged fermions and the 125 GeV Higgs boson. Whether the first two generation charged fermions
arise from exactly the same mechanism becomes the next interesting question. Therefore, direct measure-
ments of charm or muon Yukawa couplings will be crucial to answering this puzzle. The charm Yukawa
measurement at the LHC suffers from severe QCD background and it is extremely difficult to reach the
sensitivity. In this paper, we compare the potential of probing charm Yukawa coupling at the two proposed
future “Higgs Factory” experiments, the Large Hadron electron Collider (LHeC) and Circular electron
positron collider (CEPC). At the LHeC, Higgs bosons will be produced via weak boson fusion and the
energetic forward jet may suppress the background significantly. However, due to huge γ − g scattering
background, the potential of LHeC search is still limited. With −80% polarized electron beam of 60 GeV,
the signal significance can only reach 2σ for κc ' 1 with a 3 ab−1 integrated luminosity. In comparison,
measurement at the CEPC can then reach 8.0σ for κc ' 1 with a 2 ab−1 of data.
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I. INTRODUCTION
The observation of Higgs boson decays in di-photon, four-lepton, di-lepton channels [1, 2]
has provided convincing evidence that the Higgs boson is responsible for generation of the weak
gauge boson masses through electroweak gauge symmetry breaking (EWSB). Generation of all
charged fermion masses is accommodated in the standard model (SM) as a result of [U(3)QL ×
U(3)uR × U(3)dR × U(3)`L × U(3)eR ] ([U(3)]5) chiral symmetry breaking as well as EWSB,
while the electrically neutral neutrino may contain a Majorana component. However, by far, direct
measurements of Yukawa couplings have been confirmed at the LHC for only the 3rd generation
charged fermions, i.e., h→ bb¯ decay mode in the associated production (VH) [3, 4] and h→ τ+τ−
with a branching fraction at the percent level measured by ATLAS and CMS individually [5, 6];
and the direct measurement of (t¯tH) [3, 7]. With the LHC upgraded to its high-luminosity mode
(HL-LHC), measurements of the Yukawa couplings of the 3rd generation charged fermions are
expected to reach an O(10–20)% accuracy [8].
The fermion mass mf can be written as
mf = yfv0 + ∆mf
where v0 is the vacuum expectation value of the 125 GeV Higgs boson and yf is the Yukawa
coupling from the term yf ψ¯LψRh. ∆mf is identified as the contribution tomf from physics beyond
the standard model (BSM). The precision measurement of yf will then provide a probe of the new
physics associated with ∆mf . Because of the SU(2)L × U(1)Y gauge structure, the SM charged
fermion masses arise from couplings between SU(2) doublets. In many models such as two-Higgs-
doublet models (2HDM) [9], ∆mf is proportional to the corresponding Yukawa coupling yf and
yf = 0 corresponds to the chiral symmetry limit. In this case, precision measurement of yb is
sufficient to probe the new physics scale. However, the coupling yf may not be the only source
of chiral symmetry breaking. There is evidence for the Yukawa interaction of the 3rd generation
charged fermions from direct measurements. The couplings have the form
− ytu¯3RQ3Lh− ybd¯3RQ3Lh¯− yτ e¯3R`3Lh¯+ h.c.
The above terms explicitly break the global [U(3)]5 chiral symmetries of the SM fermions kinetic
terms ψ¯L DµψL + ψ¯R DµψR down to [U(2)]5. The most straightforward question is whether the
interactions of the first two generation charged fermions with the Higgs are the same as the third
2
generation case. This question is related to the unsolved puzzle of flavor’s origin 1 . If, for instance,
there exists terms
Q¯2Lγ
µQ3LZ
′
µ + u¯
2
Rγ
µu3RZ
′
µ,
then the interaction with Z ′ can mediate the broken U(1)Q3L × U(1)u3R × U(1)d3R to the remnant
[U(2)]5 through loop corrections. Such vector-like flavor violating gauge interaction can be easily
realized from a remnant of gauged SU(3)H horizontal symmetry after the Majorana neutrino mass
matrix breaking [15, 16]. Direct observation of the Yukawa couplings of the first two generation
charged fermions is critically important for solving the above puzzle in the Higgs sector.
The channel h → µ+µ− as the cleanest decay mode at the LHC is possible to be observed in
spite of the 0.2‰ branching ratio [17, 18]. ATLAS and CMS have presented that their observed
upper limits are 2.9 and 2.2 times the SM prediction, but with very low standard deviation [19, 20].
The measurement of h→ e+e− still faces huge challenges due to the tiny coupling, and only gives
loose bounds [21, 22]. In contrast to h→ µ+µ−, the first two generation hadronic decay modes of
the Higgs not only suffer from low branching ratio, but are also very difficult to be distinguished
from QCD backgrounds at the LHC. However, some new methods have been proposed to constrain
the Yukawa couplings of the light quarks (u, d, s) [23–31]. For h → cc¯ decay mode, ATLAS has
recently presented preliminary direct search [32] using JetFitterCharm algorithm [33]. A future
optimistic bound suggests that 6 times the SM rate at 95% C.L. is achievable at the HL-LHC [34].
In principle, there are two practicable methods for probing the Higgs-charm Yukawa coupling (yc).
One approach is to exploit charm tagging and directly probe the charm Yukawa coupling through
h→ cc¯ inclusive decay mode. The cleanest channel is the associated production of the Higgs with
a vector boson (V H) [12, 35]. Recently, other channels are also proposed for probing the charm
Yukawa coupling, such as the gluon-gluon fusion production (ggH) gg → h → cc¯γ [36] and the
associated production process gc → ch [37], which give |κc| < 8.3 and |κc| < 3.9 (95% C.L.)
at the LHC with 3 ab−1, where κc = yc/ySMc The second approach is to measure rare exclusive
decays of the form h→MV , where M denotes a vector meson and V is one of the gauge bosons
1 The Applequist-Chanowitz Unitarity qq¯ → VLVL [10–12] provided the constraints over all SM fermion mass
generation assuming no Yukawa coupling
√
s . 8piv
2
√
6mc,s,d,u
≈ 1× 103, 1× 104, 2× 105, 5× 105 TeV.
The stronger unitarity bound comes from qq¯ → nVL process [13, 14], which gives
√
s . 31, 52, 77, 84 TeV.
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W , Z and γ. This method is viable for any first or second generation quark [24]. In order to extract
the charm Yukawa, h→ J/Ψγ → µ+µ−γ channel is used in [12, 38].
Given the difficulty at the LHC, we study the measurement of yc at electron-hadron colliders
and positron-electron colliders, e.g., the Large Hadron Electron Collider (LHeC) at CERN and
the Circular Electron-Positron Collider (CEPC). The LHeC is constructed by adding one electron
beam of 60-140 GeV to the current LHC with the 7 TeV proton beam and a forward detector.
As a deep inealastic scattering (DIS) facility, it can be a higgs factory in which Higgs bosons
are mainly produced via vector-boson fusion (VBF) processes [39]. It provides some distinctive
features of the signal – a Higgs decays to a cc¯ pair in the central region and a jet is produced in the
forward direction. CEPC as a positron-electron collider could produce a large number of Higgs
bosons through the e+e− → Zh process at a center-of-mass energy of√s ∼ 240 GeV [40], which
provides the cleanest channel for probing h → cc¯ without other large QCD backgrounds. The
fixed
√
s is also desirable in the reconstruction of the invariant mass of the final states.
The rest of this paper is organized as follows. In section II, we assess the physics potential of
probing the Higgs-charm Yukawa at the LHeC through analysis of signal and main backgrounds
based on studies of differential distributions and kinematic features in search channels, selection
cuts and observable reconstruction, and simulation of the signal-to-background ratio (S/B) and
significance (Z). In section III, we move on to the positron and electron collider – CEPC, and
discuss the possibility of probing charm Yukawa in different Z boson decay channels. Finally, we
conclude in section IV.
II. PHENOMENOLOGY OF THE CHARM YUKAWA AT THE LHEC
A. Signal and backgrounds
At the e−p collider, the Higgs-charm Yukawa coupling could be probed through three different
modes shown in Fig.1. (a) and (b) are the vector-boson fusion (VBF) processes used to measure
the charm Yukawa coupling via h→ cc¯ decay directly. (c)–(k) are the direct production of Higgs
bosons from charm quarks, with cross sections about O(10−2–10−4) fb and can not be measured
precisely at the LHeC. (l) and (m) are processes with Higgs boson exchanged between a charm
quark and a gauge boson. We could study the interference between these processes and other
e−W + c/νeZ + c final states to probe the Higgs-charm Yukawa coupling. But the tiny cross
4
sections of O(10−4) fb is a big challenge. Therefore, as stated in the introduction, we focus on the
dominant Higgs boson production mode, vector-boson fusion, followed by charm quark inclusive
decay
e−p→ νehj, h→ cc¯.
We drop the neutral current process for its smaller cross section and additional backgrounds, and
require the forward jet to be a light-jet (u, s, d and g)2. Since only left-handed electrons from the
initial beam contribute in this process, we tentatively set the electron beam with polarization of
-80% to improve the signal production rate. By the way j only denotes a light-jet unless otherwise
noted. c-jet and b-jet are indicated as c and b explicitly.
2 This constraint would reduce the cross section by less than 1%. We expect that the effect is insignificant.
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FIG. 1: Processes containing the Higgs-charm Yukawa coupling at the LHeC. An initial γ indicates
that it is from the collinear radiation of the incoming electron, for which an effective photon
approximation (EPA) [41] can be used in the calculation. g is the gluon from the proton beam. H
is the Higgs boson in the SM.
The Monte-Carlo events are generated by MadGraph5 v2.6.4 [42] at parton level. We use
6
Pythia6.420 [43] and Delphes3.3.0 [44] for parton shower and detector simulations respectively.
At parton level, we impose the following basic cuts
• pjT > 20 GeV,
• p`T > 5 GeV,
• |η`,j| < 5,
• ∆Rj` > 0.4 and ∆R`` > 0.4 ,
where j denotes all kinds of hadronic jet (j = light-jet, c-jet and b-jet), ` is the lepton (e, µ).
It has been argued that the p`T > 5 GeV requirement would not break the convergence of the
perturbative calculation [45, 46]. When Ee = 60 GeV and Ep = 7 TeV, the total cross section
of WBF production can be as large as 84.83 fb. Quoting the updated calculation of the branching
ratio of the Higgs boson hadronic decay in the SM [47], BrSM(h → cc¯) ≈ 2.9%. The σ(e−p →
νehj, h → cc¯) = 84.83 fb × BrSM(h → cc¯) = 2.47 fb is within the detector resolution at the
LHeC.
The analysis of the background is performed as in [48]. The leading irreducible background
comes from /ET +muliti-jets. In order to distinguish c-jet from others in the final states, we classify
all jets into three categories: light-jet, c-jet, and b-jet in the background, e.g. νejjj, νeccj and so
on. Hence the irreducible backgrounds are
e−p→ νejjj, νecc¯j, νebb¯j, etc.
These backgrounds include some subprocesses from on-shell particles decay h → bb¯, W →
jj, cj, fusion subprocesses with gauge bosons exchanged, and the interference between them.
Among the reducible backgrounds, the largest would be the photo-production processes, which
can be classified into two categories:
γp→ jjj, ccj, bbj, etc.,
γp→ tt¯,
where γ is from the EPA and p denotes the initial parton. The first category includes the photon-
quark and photon-gluon fusion, while the second only has the photon-gluon fusion subprocess
because of the production of the on-shell top quark in the final states. All decay modes of the top
quark are included when generating this process.
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The second largest reducible background is the single top quark production via WBF process
followed by top quark decay:
e−p→ νebt¯j.
Here we restrict the forward jets to light-jets just like in the signal case, since the c-jet or b-jet
appears in the final state only when the initial parton from the proton is charm or bottom, which is
insignificant. A summary of the unpolarized and polarized cross sections of the signal and back-
grounds is given in Table.I. It is shown that the backgrounds are far larger than the signal after the
-80% polarized electron beam has been set. Effective cuts are needed to reduce the huge back-
grounds. Since the signal we focus on is a charged current process and only left-hand electrons
contribute, the sole effect of the polarized electron beam is to increase the electron luminosity
by 80% compared to the unpolarized case. The same increase also occurs to the /ET + multi-jets
and νebt¯j backgrounds, as is reflected by the differences in the polarized and unpolarized cross
sections. In contrast, the γp backgrounds are not sensitive to the polarization of the electrons. In
the following we will explore these processes when the initial unpolarized electron beam has the
energy of 60 GeV and generalize this analysis to the -80% polarization case.
S&B signal /ET + multi-jets multi-jets(γp) tt¯(γp) νebt¯j
unpolarization 2.47 8073.45 228485.6 2385.2 122.54
-80% polarization 4.40 14532.2 228423.6 2383.6 220.57
TABLE I: Cross-sections (in fb) for the signal and four main backgrounds when Ee = 60 GeV
with/without polarization of -80%.
B. Selection cuts
Restricting the forward jet to be light for the signal induces a deviation in comparison with
/ET + multi-jets and photo-production processes. Then a central jet veto can reduce the back-
grounds like the photo-production which contain extra QCD radiations in the central region. The
obvious feature of the signal is that the distribution of the invariant mass M(c, c) of the two c-jets
from Higgs boson decays has a peak at 125 GeV. In order to extract the right jets to construct the
invariant mass M(c, c), we can choose the two of the remaining jets, whose M(c, c) is closest to
8
the 125 GeV peak, after excluding the one with the maximal pseudorapidity. Of course the dis-
tribution of the /ET is different between the signal and the photo-production backgrounds because
the γp → multi-jets process lacks missing transverse energy at parton level, and the γp → tt¯
only produces neutrinos from top quark semi-leptonic decays that have relatively small branching
ratios. Meanwhile, a veto on events with extra leptons could suppress the backgrounds containing
top quarks. In Fig.2, distributions of the M(c, c) and M(c, c, j) are plotted respectively, where
the red line corresponds to the signal, the green, cyan, blue and magenta lines correspond to the
four main backgrounds. We found the tt¯(γp) background has the largest overlap with the signal
in these distributions. The signal peak of the M(c, c) distribution has a small deviation from the
Higgs mass pole from the full detector simulation. Therefore, we adopt the following selection
cuts criteria at the LHeC:
i. We require the jet with the maximal pseudo-rapidity is the light-jet (forward light-jet) and
|ηj| > 2.6.
ii. A veto on events with any soft jets in the central region with pjT < 10 GeV and |ηj| < 2.4.
iii. The invariant mass of the remainning two c-jets in the final state |M(c, c) − 125.0| <
10 GeV.
iv. A veto on events with extra leptons with p`T > 5 GeV.
v. The missing transverse energy cut: /ET > 20 GeV .
vi. The transverse momentum of the leading c-jet pc1T > 70 GeV .
vii. The invariant mass of the two c-jets and the forward light-jet in the final state M(c, c, j) >
250 GeV.
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FIG. 2: The normalized distribution of the invariant mass M(c, c) (left panel) and M(c, c, j) (right
panel) after full detector simulation.
So far we only set the kinematic cuts and have not considered the tagging and mis-tag effi-
ciency. In fact, tagging system is crucial for the search of h→ cc¯. A high c-tagging efficiency and
a low misidentification rate could reduce the multi-jets background dramatically. For instance, the
γp → jjj process contributes 55% to the total cross section of the multi-jets(γp) background,
whereas the rate of the light-jet faking to c-jets in the final state is only at percent level. Even
though some background events pass all kinematic selection cuts, they are still suppressed by a
mis-tag efficiency of O(10−1 − 10−2) at least. Based on the ATLAS and previous measurements
of the charm Yukawa [32, 36], we assume the optimistic c-tagging efficiency and b-jet, light-jet
mis-tag rate as in Table.II. The cut-flow for the signal and background events is presented in Ta-
ble.III.
Efficiency
c b→c j→c
41% 50% 3.3%
TABLE II: c, b→c and j→c denote c-tagging efficiency, b-jet mis-tag rate and light-jet mis-tag
rate respectively when the b-tagging efficiency is b = 70%.
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cuts signal /ET + multi-jets multi-jets(γp) tt¯(γp) νebt¯j
basic cuts 2470 8073450 228485600 2385200 122540
forward light-jet and |ηj | > 2.6 1947.35 3576320 114214000 1621940 73210
central jets veto 1435.2 3555710 111432000 712032 61617.5
110 GeV <M(c, c)< 135 GeV 439.74 303781 7506950 361326 11985.8
veto on events with extra leptons 413.36 151891 3753480 180663 5992.9
/ET > 30 GeV 372.02 136701 187674 162597 5393.61
pc1T > 70 GeV 248.77 87625.6 55703.3 131293 2958.16
M(c, c, j) > 250 GeV 141.43 14079.3 5981.05 4916.5 992.14
tagging 23.78 185.20 613.02 169.46 81.46
TABLE III: Cut-flow of the signal and background events at 60 GeV electron beam energy LHeC
with unpolarization when L = 1 ab−1. The last row presents the number of events after kinematic
cuts times the corresponding tagging efficiency.
After the kinematic cuts, only O(10−4) of the photo-production background, and O(10−2) of
the /ET+multi-jets and νebt¯j backgrounds survive, while still around 5% of the signal remains. The
forward light-jet tagging, central jets veto and M(c, c) reconstruction reduce the photo-production
backgrounds by approximately one order after excluding a large rate of QCD jets produced in
the central region. The invariant mass cut of the two c-jets is efficient for all backgrounds as
we expected though there is some overlap between the signal and tt¯(γp) background. The miss-
ing transverse energy and pc1T cuts suppress the multi-jets(γp) background by approximately two
orders. At last, after implementing the assumed tagging efficiency in Table.II, the remaining back-
ground events have a dramatic decline and become much closer to the signal.
C. Results
We calculate the signal significance Z through
Z =
S√
S +B
where S repsesents the number of signal events. The overall background B including the 1%
systematic error reads B = ΣiBi + Σi(0.01Bi)2 (i = /ET + multi-jets, multi-jets(γp), tt¯(γp) and
νebt¯j). To estimate the effect of varying the charm Yukawa coupling on the h → cc¯ branching
ratio, we use the following formula:
Br(h→ cc¯) ≡ Γh→cc¯
Γtot
≈ BrSM(h→ cc¯)
(
1 + 2δκc − 2BrSM(h→ cc¯)δκc
)
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where Γh→cc¯ and Γtot are the partial width of the Higgs boson decay to the charm quark and
the total width respectively, BrSM(h → cc¯) ≈ 2.9% is the branching ratio of the Higgs boson
decay to the charm quark in the SM, and δκc = κc − 1. The significance (Z) and signal-to-
background (S/B) dependence on κc are plotted in Fig.3 with various polarizations of the initial
electron beam and integrated luminosities. The red and blue lines correspond to the unpolarized
and -80% polarized initial electron beam respectively. It is clearly shown that with the 3 ab−1
integrated luminosity and polarized electrons (blue solid line), the significance can reach 2σ (95%
C.L.) at almost the SM value of the charm Yukawa coupling, i.e. κc = 1.03. In contrast, the
signal only gets to a 1.2σ significance at the same κc if the initial electron beam is unpolarized
(red line). In the polarized case, the signal-to-background also improves prominently because
the electron luminosity increases for the signal while the largest γp backgrounds are essentially
unaffected. At κc ∼ 1.08, S/B reaches to 5% when the electrons are -80% polarized, while in
the unpolarization case, κc needs go up to 1.43 in order to get the same signal-to-background.
Therefore, the initial polarization is helpful for probing the charm Yukawa at LHeC. We anticipate
further improvements in the cut criteria and tagging efficiency that lead to larger significance and
signal-to-background. Nevertheless, the crude estimation for the sensitivity of the charm Yukawa
coupling shows a significant improvement over the results of the LHC [32].
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FIG. 3: (a): the significance Z varying with κc at the LHeC; (b): the signal-to-background (S/B)
varying with κc at the LHeC. The energy of the electron beam is 60 GeV
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III. PHENOMENOLOGY OF CHARM YUKAWA AT THE CEPC
A. Signal and backgrounds
The CEPC is expected to make an excellent measurement of the charm Yukawa coupling and
constrain δyc to ∼ 2% [49]. In principle, the Higgs-charm Yukawa coupling could be probed in
e+e− collision through two modes: decay and direct production. Fig.4. (a) shows the associated
production of the Higgs and Z boson (ZH). (b) and (c) are vector-boson fusion (VBF) for charged
current (CC) and neutral current (NC) processes respectively. The first three processes are used to
probe Higgs-charm Yukawa coupling through Higgs boson decay to a charm quark pair directly.
(d) and (e) are the processes of the positron and electron scattering to produce a charm quark pair
in association with a single Higgs in the final state, which provides an independent measurement
of charm Yukawa. With the large center-of-mass energy
√
s ∼ 240 GeV at the CEPC , the ZH
process is the dominant process. Hence we focus on
e+e− → Zh, h→ cc¯
as the signal for studying the physical potential of measuring the Higgs-charm Yukawa coupling
at the CEPC. In order to distinguish the signal and backgrounds, we classify the signal into four
categories according to different decay channels of the Z boson in the final state: hadronic decay,
muonic decay, electronic decay, and invisible decay with neutrinos produced. The Monte-Carlo
events are generated by MadGraph5 v2.6.4 [42] at parton level. Pythia6.420 [43] and Delphes3.3.0
[44] are used for parton shower and detector simulations respectively. Basic cuts are the same as
in section II.
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FIG. 4: Processes containing Higgs-charm Yukawa coupling at the CEPC.
B. hadronic decay channel: Z → qq
Here q denotes all quarks and anti-quarks (u, d, s, c, b) that Z boson could decay to. As stated
in section II, we separate final jets into three categories: light-jet (j), c-jet (c) and b-jet (b) in both
the signal and backgrounds. The main irreducible backgrounds come from processes with four
jets in the final states
e+e− → ccjj, bbjj, jjjj, etc.
There are many QCD radiative processes associated with jet production in the final state. Nonethe-
less, because of the larger phase-space, the dominant contribution is still from the processes
e+e− → ZZ/Zγ∗/γ∗γ∗ and W+W− followed by gauge boson hadronic decay. There is a spe-
cific irreducible background e+e− → Zh,Z → cc¯, h → bb¯, where the Higgs production process
is the same as the signal, but the decay product is different. The kinematic feature of this process
is identical to the signal and we could only expect to suppress it with jet tagging. There are also
reducible backgrounds. The dominant one is
e+e− → `ν`cj, `ν`jj,
14
where ` = e, µ. These are pure EW/QED process, and the lepton and neutrino mainly come from
the leptonic decay of one of the gauge bosons in the ZZ,Zγ,W+W− pairs. The cross sections of
the signal and backgrounds are given in Table.IV with a 2.9% branching ratio for Higgs decay to
a charm pair.
S&B signal four jets ccbb (Zh) `ν` + two jets
cross-section 4.65 4608.1 22.7 3704
TABLE IV: Cross-sections (in fb) for the signal, the irreducible background (four jets), ccbb (Zh)
and the reducible background (`ν` + two jets) with BrSM(h→ cc¯) ≈ 2.9%.
selection cuts
In order to reduce the background overshadowing the signal, effective cuts are needed. As
with the LHeC, the invariant mass M(c, c) of the two c-jets might be a good kinematic observable
to distinguish the signal and backgrounds. As the mother particle of a jet is unknown, we pick
two jets whose invariant mass is closest to 125 GeV to reconstruct M(c, c). The two chosen jets
are considered to be c-jets. The other jets are then either from Z boson decays for the signal, or
from W boson/QCD radiations in the background case. The invariant mass M(j, j) of the two
remaining jets might be helpful for distinguishing signal and backgrounds as well. We plotted
the distributions of M(c, c) and M(j, j) in Fig.5 after full detector simulation, where the red line
corresponds to the signal, the green line corresponds to the reducible background, and the cyan
and blue lines correspond to the above two irreducible backgrounds. We find an obvious deviation
between the signal and `ν` + two jets background since the jets in this reducible background dom-
inantly come from W boson decays. The invariant mass distribution of the ccbb (Zh) backgrounds
has a large overlap with the signal as expected. There is also a large overlap inM(c, c) distribution
between the signal and four jet background because two jets from decays of two different gauge
bosons, chosen to reconstruct M(c, c), just have an invariant mass near 125 GeV. The detector
resolution is partly responsible for the overlap as well. The peak in the M(c, c) distribution has a
deviation from Higgs mass due to the variation of final jet momenta during the hadronization and
parton shower. Moreover, we require there are no common jets in the reconstruction of M(c, c)
and M(j.j) to better discriminate between the signal and backgrounds. The selection cuts and
15
cut-flow for the signal and background events are shown in Table.V.
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FIG. 5: The normalized distribution of the invariant mass M(c, c) (left panel) and M(j, j) (right
panel) after full detector simulation.
cuts signal four jets ccbb (Zh) `ν` + two jets
basic cuts 9300 9216200 45400 7408000
110 GeV <M(c, c)< 135 GeV 5188.47 4064730 22205.1 84451.2
|M(j, j)− 91.18| < 10 GeV 3170.37 2261990 13002.6 13334.4
no common jets in M(c, c) and M(j.j) 538.47 387516 1638.94 74.1
|ηc,j | < 1 in M(c, c) and M(j.j) 333.87 151978 1021.5 59.26
tagging 56.06 1504.6 23.03 0.8
TABLE V: Cut-flow of the signal and background events at CEPC with L = 2 ab−1. The last
row presents the number of events after kinematic cuts times the corresponding tagging efficiency
given in Table.II.
The cut-flow shows M(c, c) and M(j, j) selections eliminate about two thrids of the signal and
irreducible backgrounds, while only O(6× 10−2) of the reducible background remains. The most
efficient kinematic cut is the requirement of no common jets participating in the reconstruction
of M(c, c) and M(j.j), which suppresses the two irreducible backgrounds by a factor ∼ 10, and
leads to a reducible background smaller than the signal. Note that almost all `ν` + two jet events
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only have two jets in the final state, in which case common jets are unavoidable when constructing
M(c, c) and M(j.j). The cut of the pseudorapidity is used to restrict the Higgs and Z boson to the
central region and suppress some t-channel processes from the backgrounds. After accounting for
the tagging efficiency given in Table.II, all backgrounds are reduced by approximately two orders.
`ν` + two jets is essentially negligible.
C. electronic decay channel: Z → e+e−
In this channel, Z boson decays to a positron and electron pair. As before, the jets from the
backgrounds are divided into three categories according to their invariant mass. The main irre-
ducible backgrounds come from processes with a e+e− pair and two jets in the final states
e+e− → e+e−cc, e+e−jj, e+e−bb.
All final states are produced by pure EW/QED processes without QCD radiations. The dominant
contribution comes from e+e− → ZZ/Zγ∗/γ∗γ∗ and W+W− followed by gauge boson hadronic
and leptonic decays. Process from Z, γ or W bremsstrahlung through t-channel, e.g., e+e− →
e+e−Z, Z → jj, also need be considered, which features an event shape that is mostly in the
forward or backward directions. There is the e+e− → Zh,Z → e+e−, h → bb¯ process with the
same kinematic features as the signal, which is added to the e+e−bb background. We expect to
reduce it with jet tagging. Both the signal and backgrounds in this channel have small rates as a
result of the smallness of the coupling strength. The cross sections of the signal and backgrounds
are shown in Table.VI
S&B signal e+e−cc e+e−jj e+e−bb
cross-section 0.232 31.16 92.5 35.85
TABLE VI: Cross-sections (in fb) for the signal, and three irreducible backgrounds
e+e−cc, e+e−jj and e+e−bb with BrSM(h→ cc¯) ≈ 2.9%.
selection cuts
M(c, c) of the two c-jets and M(e+, e−) of the positron-electron pair are important observables
for distinguishing the signal and backgrounds, as shown in Fig.6. The red line corresponds to the
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signal, the green, cyan and blue lines correspond to the three backgrounds respectively. Note the
M(c, c) peak for the signal in Fig.5 is broader than in Fig.6 since it is more likely to misidentify a
c jet when constructing M(c, c) in the case of hadronic Z decays. As before, the M(c, c) peak still
has a small deviation from 125 GeV because of effects of the hadronization and parton shower that
lead to the variation of final jet momenta. Yet the distributions of M(e+, e−) have sharp peaks at
the Z boson mass (mZ = 91.18 GeV), thanks to the precise identification of the lepton final states.
The selection cuts and cut-flow for the signal and background events are shown in Table.VII
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FIG. 6: The normalized distribution of the invariant massM(c, c) (left panel) andM(e+, e−) (right
panel) after full detector simulation.
cuts signal e+e−cc e+e−jj e+e−bb
basic cuts 464 62320 185000 71700
110 GeV <M(c, c)< 135 GeV 176.39 853.86 2057.08 4267.86
|M(e+e−))− 91.18| < 10 GeV 167.15 353.74 1097.11 3729.45
all e+, e− with |ηe| < 2 152.14 219.57 891.4 3401.15
tagging 25.57 36.91 0.802 76.53
TABLE VII: Cut-flow of the signal and background events at CEPC with L = 2 ab−1. The last
row presents the number of events after kinematic cuts times the corresponding tagging efficiency
given in Table.II.
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M(c, c) and M(e+, e−) cuts reduce all the backgrounds by approximately one to two orders.
The Pseudorapidity cut is used to eliminate events with the forward positron and electron in the
final state, but the improvement is marginal since many of these events are already excluded by the
invariant mass cuts. The remaining e+e−bb events are mostly from the associated production of the
Higgs and Z boson, and are difficult to be distinguished from the signal kinematically. Fortunately,
b tagging brings it down by a factor of 5 after the kinematic cuts.
D. muonic decay channel: Z → µ+µ−
The event selection in muon channel is similar to the electron channel case. The main irre-
ducible backgrounds are the following processes:
e+e− → µ+µ−cc, µ+µ−jj, µ+µ−bb.
These are also pure EW/QED processes. A difference between muon and electron channels is that
the gauge boson bremsstrahlung processes through t-channel disappear, since there is no flavor
changing the neutral current in the SM. Of course, the s-channel process still contributes. e+e− →
Zh,Z → µ+µ−, h → bb¯ is part of the µ+µ−bb background as with the electron channel. The
cross sections of the signal and backgrounds are shown in Table.VIII, which are still small. But
without the t-channel gauge boson bremsstrahlung in background, the significance and signal-to-
background would be improved.
S&B signal µ+µ−cc µ+µ−jj µ+µ−bb
cross-section 0.232 10.76 36.47 18.16
TABLE VIII: Cross-sections (in fb) for the signal, and three irreducible backgrounds
µ+µ−cc, µ+µ−jj and µ+µ−bb with BrSM(h→ cc¯) ≈ 2.9%.
selection cuts
We plot the invariant mass M(c, c) of the two c-jets and M(µ+, µ−) of a muon pair in Fig.7.
The red line corresponds to the signal, the green, cyan and blue lines correspond to the three
different backgrounds respectively. The signal M(µ+, µ−) has a sharp peak at the Z boson mass
(mZ = 91.18 GeV), while the backgrounds have a flat tail in the small M(µ+, µ−) region, where
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γ∗ → µ+µ− dominates. Hence the cut near the 125 GeV is effective for reducing the backgrounds.
Moreover, the pseudorapidity cut is no longer needed due to lack of the forward final states from
the t-channel processes. In a word, only two kinematic cuts are set in Table.IX.
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FIG. 7: The normalized distribution of the invariant massM(c, c) (left panel) andM(e+, e−) (right
panel) after full detector simulation.
cuts signal µ+µ−cc µ+µ−jj µ+µ−bb
basic cuts 464 21520 72940 36320
110 GeV <M(c, c)< 135 GeV 170.25 335.42 1008.46 3585.93
|M(µ+µ−)− 91.18| < 10 GeV 158.48 189.58 586.89 3266.35
tagging 26.36 31.87 0.528 73.49
TABLE IX: Cut-flow of the signal and background events at CEPC with L = 2 ab−1. II.The last
row presents the number of events after kinematic cuts times the corresponding tagging efficiency
given in Table.II.
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E. invisible decay channel: Z → ν`ν¯`
Cross sections in this channel increase prominently because of the large branching fraction
Br(Z → ν`ν¯`) ≈ 20.5%. With no QCD interactions, the main irreducible backgrounds are
e+e− → ν`ν¯`cc, ν`ν¯`jj, ν`ν¯`bb,
where ` = e, µ, τ . The dominant subprocess chains are e+e− → ZZ,Z → hadrons, Z → ν`ν¯`
and e+e− → Zγ∗, γ∗ → hadrons, Z → ν`ν¯`. The t-channel gauge boson bremsstrahlung through
charged current processes appears as a background in this channel, but only for the case where
ν` = νe. The cross sections of the signal and backgrounds are given in Table.X.
S&B signal ν`ν¯`cc ν`ν¯`jj ν`ν¯`bb
cross-section 1.37 52.08 179.1 104.2
TABLE X: Cross-sections (in fb) for the signal, and three irreducible backgrounds ν`ν¯`cc, ν`ν¯`jj
and ν`ν¯`bb with BrSM(h→ cc¯) ≈ 2.9%.
selection cuts
We find the signal cross section 50 times larger than those in previous leptonic channels. How-
ever, the appearance of invisible particles is a challenge in constructing kinematic observables in
the final state, since we can only obtain their transverse momenta by momentum conservation.
That is to say, one can not reconstruct the invariant mass of the two invisible neutrinos as the full
information of their momenta is unavailable. Therefore, instead of the invariant mass M(ν`, ν¯`),
we appeal to the distributions of the missing transverse momentum, and of the transverse mass
MT ≡
√
/E
2
T +M
2(c, c) + /ET of the cc¯ pair, as shown in Fig.8. The red line corresponds to
the signal, the green, cyan and blue lines correspond to the three different backgrounds respec-
tively. The /ET of the signal tends to be smaller compared to the background because the large
M(c, c) ∼ 125 GeV leads to a relatively small momentum of the recoil system. However, as
M(c, c) and /ET are inversly correlated, the MT distributions are less sensitive to the variation of
M(c, c) in various processes. The M(c, c) distributions are also plotted in Fig.8 where the distinc-
tion between the signal and background is clearly shown as before. One can see that there is a
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bump from the µ+µ−bb background near the peak region of the signal, which is from the contri-
bution of the e+e− → Zh,Z → ν`ν¯`, h→ bb¯ subprocess. It will be reduced with jet tagging. The
cut flow for this channel is shown in Table.XI
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FIG. 8: The normalized distribution of the missing transverse momentum /ET (top left panel), the
transverse mass MT (top right panel), and the invariant mass M(c, c) (bottom panel) after full
detector simulation.
22
cuts signal ν`ν¯`cc ν`ν¯`jj ν`ν¯`bb
basic cuts 2740 104160 358200 208400
the missing transverse momentum /ET < 55 GeV 2530.66 59319.1 197440 148318
110 GeV <M(c, c)< 135 GeV 951.6 1062.43 3402.9 23445
MT > 130 GeV 927.76 958.27 3080.52 22569.7
tagging 156.0 161.08 2.772 507.82
TABLE XI: Cut-flow of the signal and background events at CEPC with L = 2 ab−1. The last
row presents the number of events after kinematic cuts times the corresponding tagging efficiency
given in Table.II.
The transverse momentum /ET could reduce the µ+µ−cc and µ+µ−jj backgrounds by a factor
of 2, while keeping approximately 92% of the signal. The invariant mass M(c, c) is still a useful
quantity to suppress the backgrounds. In contrast, the transverse mass MT is inefficient. After
tagging all the jets, the remaining reducible background events are small and comparable to the
signal. The greatest advantage of the invisible decay channel is the relatively large number of the
signal events after all cuts, which is 6 times that in leptonic channel, and 3 times that in hadronic
channel.
F. Combination and Results
We compute the signal significance (Z) and the signal-to-background (S/B) in the same way
as described in section II C. Here we also include the 1% systematic error. S and B correspond
to different signals and backgrounds in various channels. Using the Bessel formula to estimate
the corresponding errors [47], we combine the four channels. The significance (Z) and the signal-
to-background (S/B) are shown in Fig.9. The magenta, green, blue and brown lines correspond
to the hadronic, electronic, muonic, and invisible decay channels respectively. The red line is
the combined result of the four channels. Solid and dashed lines represent different integrated
luminosities. It is clear that the invisible decay channel shows a higher significance than others,
while the signal-to-background for various channels shows less difference except for the hadronic
decay, whose S/B is much smaller. When κc = 1, the significance of the invisible decay could
reach up to 5.2(7.9)σ with the 2(5) ab−1 integrated luminosity. In contrast, the muonic can not
reach 5σ until κc ∼ 1.7(1.2) with the 2(5) ab−1. The hadronic is a difficult channel, which gets
to 5σ at a much larger κc. After combining all channels, the significance goes up to 8.0(11.3)σ
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at κc = 1 when L = 2(5) ab−1 and the signal-to-background is close to one. Of course our
rough estimation based on the MC simulation leaves out many reducible backgrounds in realistic
detectors. We expect real data from these detectors in the future will help improve the accuracy of
the results.
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FIG. 9: (a): the significance Z varying with κc at the CEPC; (b): the signal-to-background (S/B)
varying with κc at the CEPC. The center-of-mass energy of
√
s ∼ 240 GeV
IV. CONCLUSION
Searching for the Higgs-charm Yukawa coupling can provide a crucial validation for the Higgs
mechanism with the second generation charged fermions. It has been proven difficult to measure
it at hadron colliders like the LHC. In this paper, we discuss physics potential for measuring the
charm Yukawa at the LHeC and CEPC via WBF and ZH processes respectively, followed by the
h→ cc¯ inclusive decay. Through simulation, we found that with a 60 GeV and -80% polarization
electron beam, and a 3 ab−1 integrated luminosity, the signal significance is 2σ (95% C.L.) for
κc ' 1 at the LHeC with 60 GeV and -80% polarization electron beam, while at the CEPC, the
signal significance goes up to 8.0(11.3)σ for the SM charm Yukawa with a 2(5) ab−1 integrated
luminosity after combination of four channels. e+e− → Zh,Z → ν`ν¯`, h → cc¯ shows a promis-
ing potential for measuring the charm Yukawa directly at positron-electron colliders because of
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the clean background and high production rate, even though there are invisible neutrinos in the
final states. We expect complementary studies with more effective selection criteria and realistic
detector level analysis to be helpful for probing the charm Yukawa accurately.
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